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ABSTRACT 
Object 
In deep brain stimulation, the anatomic positions of electrode contact  centers are used as the 
basis for analysis. We propose a new semi-quantitative approach (contact membership concept) 
considering patient’s individual anatomy, contact size , and extent of involvement of STN and 
neighboring structures.  
Materials and methods 
In ten bilaterally operated and improved  Parkinsonian  patients,  effective  contact  positions 
(contacts used for monopolar stimulation) were analyzed. The position of the contact center 
(classical binary approach: each center assigned, 1, or not, 0, to a given structure) and of the 
contact in its dimension (contact membership concept: membership degree, ordinal values from 0 
to 1, assigned to each anatomic structure according to extent of involvement) were compared for 
the whole patient group and, individually, for each patient. 
Results 
The membership concept revealed that for 13 out of 20 contacts, more than one structure was 
involved, where the classical binary approach assigned only one structure. For both approaches 
lateral STN, zona incerta and H1 (Forel’s Field) were the main structures involved, but their 
frequencies of appearance differed. 
Conclusion 
The membership concept allows detailed analysis of the anatomic contact position. In the future 
this approach could assist in correlating anatomy and clinical results for all electrode contacts 
(effective ones and clinically less efficient ones).   
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INTRODUCTION 
Deep brain stimulation (DBS) of the subthalamic nucleus (STN) has proved to be a highly 
effective treatment of symptoms related to severe idiopathic Parkinson’s disease (PD) [1–4]. 
However, the anatomic structures affected by stimulation, and therefore the underlying 
mechanisms of action of DBS, have not yet been determined [5–10]. The success of DBS 
electrode implantation resides essentially in the relief of symptoms, but the position of electrode 
contacts needs to be determined in terms of anatomic position. More and more groups advocate 
postoperative imaging (magnetic resonance imaging MRI/computer tomography CT) to check for 
absence of hemorrhage and determine the final electrode position in comparison with the planned 
one [11–13]. Only a few of these groups determine the contact positions and correlate them with 
anatomy [6,8,9,14–18]. Still fewer groups base this analysis on the patient’s MRI alone without 
atlas projection [13,14,17]. Nearly all of the groups performing a detailed anatomic study localize 
the anatomic position of centers of the electrode contacts. They do not consider the contact in its 
dimension [6,13–16,18,19]. 
The work reported here describes the postoperative position analysis of the clinically effective 
contacts, i.e., contacts used for chronic stimulation, based on individual patient anatomy. In 
accordance with our targeting concept (preoperative direct targeting linked to manual structure 
segmentation), it is based on the visual analysis of pre- and postoperative MR images. As the 
electrode size (diameter = 1.27mm; height = 1.5mm) is significant compared with the functional 
targets, it is often difficult to assign a given contact to a single brain structure. We therefore 
propose a new semi-quantitative approach, the contact membership concept, which takes into 
account the extent of involvement for each anatomic structure, i.e., the initial target, the STN, and 
its neighborhood. The classical binary approach, i.e., where the center of the contact is (1) or is 
not (0) in a given structure, differs from our membership concept, where the whole contact is 
related to different structures: anatomic membership of a contact; ordinal values from 0 to 1, 
weighting the geometric relationships with the structures. 
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MATERIALS AND METHODS 
Patients 
Ten patients suffering from severe idiopathic Parkinson’s disease and treated by bilateral 
monopolar STN-high frequency stimulation according to the guidelines of the French National 
Health Agency for Accreditation and Evaluation were included in this study [5 males, 5 females; 
age 61.8 ± 8.1years, duration of disease 12.7 ± 5.2years (mean ± SD)]. Their clinical 
improvement was evaluated using the unified Parkinson’s disease rating Scale (UPDRS) [20]. It 
was determined in OFF-drug condition (for at least 12h) with a mean voltage of 2.6 ± 0.5V 
(frequency 136.0 ± 12.3Hz, pulse width 63.0 ± 9.2 μsec). Global improvement after 3 months of 
follow-up was 50.9 ± 12.0% (range 33.7–71.4%). The lateralized UPDRS III mean motor 
subscore improvement (sum of items 20–26 for each body side, resulting in a score range of 0–
36), was 61.8 ± 16.1% (range 40.0–100.0%). This measure reflects the degree of tremor, rigidity, 
and bradykinesia in the left and right extremities, excluding axial symptoms, and has already 
been proposed by other authors for the evaluation of the contralateral effects of left and right 
electrodes [9,18]. Contacts resulting in the best alleviation in rigidity with the lowest voltage and 
without significant side effects were considered as optimal and selected for chronic stimulation as 
the effective contacts. The total number of effective contacts available for analysis was 20 
(pooling right and left sides).  
 
Surgical procedure 
Stereotactic electrode implantation (Leksell G frame, Elekta, Sweden) was performed under local 
anesthesia in a 2 day procedure. A preoperative T2-weighted stereotactic MRI was obtained and 
the STN and neighboring structures were identified and segmented manually using stereotactic 
software (iPlan, Brainlab, Germany). On the first day we performed a White Matter Attenuated 
Inversion Recovery (WAIR) T2-weighted sequence (Table 1) to visualize both the stereotactic 
markers and the subthalamic anatomy of nuclei and bundles [13,21]. Several structures of the 
subthalamic region were outlined manually on the coronal plane (see example Fig. 3): STN, zona 
incerta (ZI), substantia nigra (SN), red nucleus (RN), nucleus ansa lenticularis (AL), the H1 
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(thalamic fascicule) or H2 (lenticular fascicule) Forel’s fields (FF), the mamillo-thalamic bundle 
(MTB), the ventral thalamus (Thal) and the periventricular region (PVR). The recognition of the 
anatomy was achieved through a step-by-step approach starting from the easiest identification of 
simple shaped and located structures such as SN, RN and STN [13]. According to the relative 
position and with the help of anatomic and stereotactic books and in-house 4.7-tesla (T) MRI 
anatomy software an accurate 3D multiplane analysis was then possible [13,14,22,23]. 
 
 
Table 1. Technical characteristics of MRI sequences using a head coil: pre-operative, 
stereotactic (stereotactic frame in place), T2-weighted; post-operative, non-stereotactic, T1-
weighted, Specific absorption rate = 0.1W/kg. 
 
On the second day, after repositioning of the stereotactic frame (Repositioning kit, Elekta, 
Sweden), the optimal target was defined under local anesthesia based on the anatomic 
information, intraoperative microelectrode recording (MER) and the clinical benefit and adverse 
effects assessment following a gradual acute stimulation. A quadripolar electrode (DBS 3389, 
Medtronic, USA) was placed during the same procedure with the center of contact 1 (right 
electrode) or 5 (left electrode), located just above the distal contact (0, right electrode or 4, left 
electrode) on this optimal point. Anysignificant brain shift and electrode misplacement (checked 
by intra and postoperative radiologic controls) were avoided during the bilateral electrode 
implantation thanks to precautions: (1) the patient operated in a recumbent position in order to 
maintain a positive intracranial pressure, (2) the “closed dura matter” approach allowed by 
water–air tight guides (Bengun, Immi, France), (3) double obliquity trajectories in order to avoid 
ventricles, (4) two exploration tracts (two long guide-tubes) and (5) brain maintained by one 
guide-tube (on the trajectory which was not selected after the intraoperative tests) while the DBS 
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electrode is placed coaxially along the selected tract. To check the final electrode position, a 
stereotactic X-ray control (based on Leksell Coordinates Indicator Box) was performed directly 
after electrode placement, and a T1-weighted, non-stereotactic 3D-MPRAGE MRI control in the 
axial plane (Table 1) within 2days. A neuropacemaker (Kinetra, Medtronic, USA) was implanted 
in the abdominal region under general anesthesia some days later. 
 
Contact localization 
Following our surgical procedure, the final electrode position could be determined via the 
postoperative MRI control. To collect preoperative stereotactic data, the segmented structures and 
the planned trajectories on the postoperative MRI, we merged postoperative (non-stereotactic) 
MRI with preoperative (stereotactic) MRI using the mutual information algorithm (iPlan, 
BrainLAB, Germany) [24,25]. The final electrode position was determined based on the black 
electrode artifact on the postoperative MRI. As shown elsewhere, the real electrode position can 
be assigned to the middle of the artifact [26]. The position of each contact was calculated starting 
from the middle of the artifact (the center position enclosed by the four contacts of the electrode) 
and based on the known theoretical electrode dimensions (DBS 3389: 7.5mm between the ends of 
the proximal and distal contacts, 0.5mm between contacts). The anatomic relationships of the 
contacts were determined on reconstructed images along the electrode to optimize the 
interpretation of anatomic position. 
 
Definition of the anatomic position 
The analysis of the anatomic position of a given contact was performed using three views along 
the electrode (called “pseudo” coronal, sagittal and axial). We considered the contact position in 
relationship with the neighboring structures, i.e., the STN, ZI, SN, AL, Forel’s fields H1 and H2, 
and the ventral thalamus. The STN was subdivided into three different parts, a lateral superior 
part (lat-sup STN), an intermediate part (int STN) and a medial inferior part (med-inf STN). 
The identification was performed in two different ways: 
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1. Classical  approach:  contact  center—one  structure (binary: 0/1). Only one anatomic structure 
was assigned to the effective contact according to the projection of the center of this contact. 
2.  Membership concept: contact in its size—several structures (ordinal values: from 0 to 1). 
 
To take into account the imprecision, especially the one linked to the MRI resolution, we chose a 
mathematical model based on the variable “degree of membership” used in fuzzy logic 
introduced by Zadeh [27,28]. We subjectively assigned a weight to each anatomic structure 
covered by the effective contact. The weight resulted from the ordinal coding accounting for the 
membership degree and from the different anatomic configurations. When the contact could be 
clearly assigned to only one structure, the weighting was obviously set to 1. When several 
structures were involved, we distinguished between main and secondary structures according to 
the size of the contact part lying within the considered structure. The larger the number of 
structures involved, the lower the weighted values assigned to the structures (Table 2, Fig. 1). If 
there is only one structure that can be defined as a main structure but if the “contact” is shared 
with other structures involved in a lesser extent (see secondary structure), the weight for that 
main structure is set to 0.8. If there are several structures that can be defined as main structures, 
the weights of these structures are set to 0.5each, if they are the only structures involved. In the 
case of several main structures, their weights are set to 0.4 each if other (secondary) structures are 
also involved. A structure is referred to as secondary structure if the extent of its contact is 
considered as “minor”. Whatever the configuration and the number of structures involved, the 
weight for a secondary structure is set to 0.25. 
 
 
Table 2. Membership degree (from 0 to 1) of given anatomic structures according to the extent of their 
involvement for a considered contact; main: principal structure covered by a large part of the contact; 
secondary: secondary structure covered by a small part of the contact. 
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Data analysis 
For each active contact (n=20), we classified the anatomic relationships as described above. For 
each structure we calculated the sum of all contact memberships, once with the binary-center 
approach and once with the contact membership concept. Then the percentage of involvement of 
each structure was calculated. Mean and standard deviations of the weightings for each structure 
were additionally determined. We confronted, for each patient separately, the results obtained 
with the membership concept with those of the classical approach based on the center of the 
contact. 
 
 
Figure  1. Presentation of the contact membership concept on identified structures after manual outlining on 
original MRI slices. a The entire region of interest around the STN . b The contact can be clearly identified 
within one single structure (STN:1). c The contact is largely covered by one structure (STN:0.8) and 
marginally by one or more other structures (H2:0.25). d Two mainstructures (STN:0.5, H2:0.5). e Main 
(STN:0.4,H2:0.4) and secondary (ZI:0.25) structures.  f Only secondary structures (ZI:0.25,STN:0.25, 
H1:0.25). STN subthalamic nucleus, SN substantia nigra, RN red nucleus, H1 H1 Forel’s field (thalamic 
fascicle), H2 H2 Forel’s field (lenticular fascicle), ZI zona incerta, PRR prerubral region 
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RESULTS 
The image series of the ten patients could all be analyzed for the right and left electrodes. 
Accordingly, we explored the anatomic position of 20 active contacts. 
With both approaches (center of contact and whole contact), the lateral part of the STN, the Forel 
field H1 and the zona incerta can mostly be found in the vicinity of the contact (Fig.2). One 
essential difference between the approach using only the contact center and the one using the 
whole electrode contact is that the intermediate STN appears rarely and the AL not at all in the 
first approach. 
 
Figure 2. Percentage involvement of each structure according to the classical binary 
classification (0 or 1) based on only the contact center, and according to the contact membership 
concept (between 0 and 1) taking into account the whole contact size. 
 
In the classical approach, based on the contact center, the structures most often involved were the 
lateral STN and the zona incerta (28.6%), followed by the Forel field H1 (19.1%). With the 
membership approach the frequency of appearance changed, the ZI became more frequent than 
the lateral STN (ZI: 32.0%, STN: 24.1%). The intermediate STN and the Forel Field H2 became 
almost as frequent as the H1 (H1: 13.37%, H2: 11.7%, int STN: 10.98%). 
The analysis of each patient separately (Table 3, Fig.3) confirmed that lateral STN and ZI were 
the structures most often involved (10 out of 20 cases, for each structure) and that in general at 
least one of the two structures could be found close to the contact. Forel’s Fields H1 (7/20) and 
H2 (6/20) also appeared regularly. 
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The contact center approach assigns one structure to each contact (Table 3, grey cells). With the 
contact membership approach, we obtained such a result, i.e., only one involved structure, in only 
7 out of 20 cases (Table 3, structures set to “1”). In the other 13 cases, one or two other additional 
structures appeared. In addition, we identified, for each contact, the structure(s) presenting the 
highest membership degree: in 12 cases there was only one structure with the highest 
membership degree (Table 3, structures set to “*”), while in 8 cases there were several principal 
structures with the same extent of involvement. 
 
 
Table  3. Analysis of the position of effective contacts (n=20) for the ten patients (right R and left 
L electrodes) by the membership concept (considering contact size). 
 
The structures involved according to the binary classical approach (only considering contact 
center) are given in italics AL nucleus ansa lenticularis, lat-sup lateral superior part of the STN, 
int intermediate part of the STN 
a: Clinical motor improvement expressed in percentage based on the UPDRS motor score: 
(preoperative score – postoperative score)/ postoperative score × 100.  
b: Only one main structure has been identified by the membership concept and that this structure 
corresponds to the one involved according to the binary concept. Cases where there are several 
main structures are not included (8 out of 20 cases) 
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Figure  3. Example for one patient: (Top) original coronal raw images with the outlines of 
anatomic structures (top row; left , overview; right, zooming, labelled structures); (Bottom) 
reconstructed MRI plane, pseudocoronal, along the electrode trajectory (bottom row); analysis 
according to the contact center ( left ) or the whole contact ( right ). Following the first approach 
only one structure is involved against three in the second one. 
H1 H1 Forel’s field (thalamic fascicle), H2 H2 Forel’s field (lenticular fascicle), al ansa 
lenticularis complex, stn subthalamic nucleus, sn sustantia nigra, zi zona incerta. 
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DISCUSSION 
Post-placement imaging is mainly used to check for absence of hemorrhage and also increasingly 
to analyze the final electrode position in DBS. The anatomic position of a given contact is less 
frequently sought. In most teams the anatomic position is determined on the postoperative MR 
images [13,14,17,29] or on X-ray controls [8,18]; it is assumed that there is no significant brain 
shift which might cause misinterpretations [30,31]. On the MR images the center of the artifact is 
generally considered as the middle of the four contact location [26] and the different electrode 
contacts are deduced manually [14,16,17] or automatically [32]. Pre- and postoperative MR 
image matching based on the mutual information algorithm [25] has been shown to be reliable 
[24] and thus can be used to analyze the contact position relative to MRI anatomy. On 
stereotactic X-ray images, contacts are visible separately and their positions can be determined 
directly, in general manually, in the stereotactic reference system [18,33]. 
Unfortunately, it is difficult to compare results obtained with the different methods applied to 
localize a contact and the surrounding structures. The analysis has three different characteristics: 
(1) how the contact is represented, as a point or with its real dimensions; (2) the anatomic 
reference used (atlas, MRI, electrophysiologic study); and (3) how the contact membership is 
interpreted (assignment to one or several structures, weighted or non-weighted). In the following 
section we discuss these three features. 
 
Contact representation 
Most groups analyze the active contact position by projecting the center of the contact on the 
anatomy [6,14–16,18,19]. Herzog et al. [8] took into account the height of the contact (1.5mm). 
None of the groups considered the real contact size. This may have been for technical reasons, 
such as the chosen anatomic reference (see below): when a classical stereotactic atlas is used, the 
contact cannot be visualized along its axis since only several slices are available, with no 
possibility of reorientation and interpolation as there is with MR images. 
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Anatomic reference 
There are several possibilities to analyze the anatomic position of a contact. The first one, the 
stereotactic atlas, is still used by many groups [9,15,18,33]. The contact, represented by its 
center, can be projected, after normalization and with reference to the AC–PC midpoint, on the 
stereotactic Schaltenbrand and Bailey atlas discrete slices [34]. The atlas can also be projected, 
after deformation, on the patient MRI. 
The geometric distortion in current clinical MRI (1.5-T machines) is now approaching tenths of a 
millimeter [35,36]. In view of these advances in technology, another possibility for analyzing the 
contact position is the projection of the electrode contact directly on the patient’s MRI , which is 
generally chosen by those groups already working at least partially with direct MRI targeting 
[14,37]. In this case, it is possible to visualize not only the center of the contact but also its height 
and (or) diameter. 
In addition, these two methods can be combined with the results of microelectrode recording as 
proposed by Herzog et al. who defined the dorsolateral margin of the STN by the analysis of 
intra-operative microrecordings [8]. 
 
Interpretation 
Different ways to interpret the anatomic contact position have been used. Groups defining the 
contact by its center have often based their analysis on the classical approach, assigning one 
structure to the active contact [16,18] or describing the position relative to certain structures or 
borders [8,9,19]. Herzog analyzed the position of the active contact in its length relative to the 
distance from the electrophysiologically determined dorsal STN border [8]. Following this 
approach they classified the active contacts into three groups: contacts lying above the STN 
(+1.5mm or above), contacts at the border zone of the STN (−1.5mm to +1.5mm) and contacts 
inside the STN (−1.5mm or below). Voges et al. [18] considered three different anatomic 
positions of the contact center: effective contacts lying (1) within the STN, (2) outside the STN 
and within subthalamic fiber tracts and (3) at the border zone between the caudal third of the STN 
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and the subthalamic white matter (STN–fiber interface). They also established the ratio of clinical 
improvement and stimulation energy and they accordingly took into account the fact that the 
therapeutic target could be some millimeters away from the effective contact. Saint–Cyr et al. [9] 
projected their results on Schaltenbrand & Bailey atlas slices and they integrated in the analysis 
an average current spread of 3mm radius around the cathode. In our group, we have already 
proposed an MRI-based quantitative approach based on the contact center and on fuzzy logic, 
taking into account the uncertainties in the identification of the contact [14]: when a contact could 
be identified exactly within one structure, the value 1 was assigned; when a structure was clearly 
not involved, the value 0 and when there was a doubt or when several structures were involved, 
we assigned 0.5. In the present study, we aimed to take this approach further. The first step was 
to introduce the real contact size which, in our opinion, is not negligible (diameter = 1.27mm; 
height = 1.5mm). Our stereotactic software (iPlan, Brainlab, Munich, Germany) enabled us to 
plot the electrode contact in the direction of the trajectory. Following our targeting concept, we 
used as an anatomic basis the preoperative MR images (WAIR sequence) with the manually 
outlined structures identified with the help of a 4.7T 3D MRI atlas (pixel size 0.25mm
3
) [23] and 
the advanced knowledge of deep brain structures and fiber anatomy [13,38]. Taking both 
concepts together, we were able to interpret the electrode’s anatomic position in 3D (on the 
reconstructed planes along the electrode) without stereotactic atlas-based normalization. In this 
way, we directly considered the patient’s anatomy without reference to anatomic landmarks and 
avoided the reported risks, when using atlases, of geometric imprecision due to the interndividual 
variability of brain shape, structure size and structure location [39,40]. As in most cases the 
contact in its dimensions cannot be assigned to a single structure, we decided to introduce the 
membership concept. This approach takes into account, first, the imprecision in the determination 
of the contact position within the artifact, and second, the part of the contact covered by a given 
structure. In this way we were able to consider the extent of involvement of each structure. 
Our results show that the lateral STN, the Forel’s field H1 and especially the ZI are the structures 
most often found close to the contact, consistent with the results of other groups. In addition, our 
study indicates that the Forel’s field H2 and the intermediate STN are certainly involved also. 
Hamel reported [6,33] that most contacts were located close to the dorsal border of STN or 
further dorsal within the subthalamic region. The other contacts were detected within the dorsal 
STN. The average position of all active contacts in their population coincided with the interface 
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formed by the antero-dorso-lateral margin of the subthalamic nucleus, the ZI, and Forel’s fields 
H2. Some of the studies using MRI-based techniques to identify the position of the active contact 
reported similar results [9,18]. In the opinion of Herzog et al. [8], it is crucial, to achieve optimal 
clinical results, to position the electrode at the dorsolateral border, without locating it exclusively 
in the subthalamic fiber tract. This seems to be confirmed by our results and by those of other 
groups [6,13,19,41].  
Considering the ratio of clinical improvement and the energy used, Voges et al. [18] reported a 
trend toward better results for active poles projecting onto subthalamic fiber tracts than with 
those placed either inside the STN or at the STN–fiber interfaces. Our comparison between the 
classical approach, considering only one structure per contact, and the membership concept 
confirms that in most cases more than one structure is present close to the contact (Table 3). The 
extentof involvement of all the structures changes with the membership concept. The 
intermediate STN and the AL rarely appear or do not appear at all with the first approach (Fig. 2). 
The influence of these areas in the DBS effect is unclear, as it is not usually documented in the 
literature, at least not specifically. Thus we draw no conclusion concerning the ansa lenticularis 
involvement because of its extremely low incidence in our study. Conversely the involvement of 
the intermediate STN seems robust and fits with the functional segmentation of STN [4,42].  
A detailed analysis based on the new concept is in progress on a larger patient population in order 
to correlate the anatomic contact position with the clinical result for all the contacts, not only for 
the therapeutic one. In the long term, we intend to integrate the stimulated volume (effective 
electric current) in our approach, as we agree with Butson et al. [32], Saint-Cyr et al. [9] and 
Voges et al. [18] that stimulation parameters influence the extent of stimulation and that the 
simple analysis of the contact position is only a first step in understanding the mechanism of 
action of DBS [43]. 
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CONCLUSIONS 
Postoperative imaging techniques are more and more part of routinely performed surgical 
protocols. We have shown that in addition to its utility as a quality control procedure, it can be 
used to evaluate the anatomic contact position on a routine basis. Given the size of the DBS 
contacts, the correlation between the clinical results and the contact position will probably be 
more precise if the contact is considered in its extent than if only the center of the contact is used. 
Also, the use of MRI allows reorientation along the contact direction and the 3D position analysis 
with regard to the individual anatomy. The contact membership concept allows a semi-
quantitative analysis, assigning a given contact to several structures with a weighted membership 
degree. This concept offers a promising approach for further studies of the mechanism of action 
of DBS in Parkinson’s disease and DBS in general. Our preliminary results confirm that DBS 
probably acts through the three main structures, the lateral STN, ZI and FF. 
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